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EBWR CORE DESIGN STUDIES 

by 

H. P. Iskenderian and C. E. Carson 

I. INTRODUCTION 

A study was made of EBWR core designs in which uniformly en
riched UO2 fuel rods clad with zirconium, capable of a maximum exposure 
of about 10,000 Mwd/tonne, were to be used. 

The core of these designswas to have a length of 5 ft (l 52.4 cm) and 
a diameter of about 5 ft, filling the present EBWR with its total of 147 fuel 
box elements. The longer core of 5 ft was considered, at the t ime, to yield 
greater stability of operation. A burnable poison was to be used to allow 
for kex required for a maximum fuel burnup of 10,000 Mwd/tonne. 

A first core design, A, with H2O/UO2 volume ratio of 1.63 had 
some desirable nuclear charac ter i s t ics , requiring a reasonably low initial 
enrichment for criticality and a good conversion ratio. For a closer view 
of the power distribution character is t ics of this core, some educated 
guesses were made of the operating void distribution in the core, and the 
corresponding neutron flux and source distributions obtained, with the aid 
of PDQ-2 two-dimensional calculations.^^/ These data indicated a high 
maximum-to-average power ratio of 4 .1 . 

Hydrodynamic calculations made, subsequently, for this core indi
cated that the assumed void distribution had been optimistic, and that it 
would not be possible to obtain 100 Mw with this core. The difficulty was 
due to excessive (calculated) p ressu re losses in the system, resulting in 
reduced velocities of inflow fluid in the core, which occurred when a core 
of closely packed design was used in EBWR. 

In a second core design B, the number of fuel pins per element 
used in the upper half of the core was reduced from 7 x 7 to 6 x 6, This 
resul ted in a reduction in the value of maximum-to-average power ratio 
of 4.1 for design A to about 2.8. 

It appeared from these resul ts that a further improvement of core 
performance should resul t by using a tight core lattice everywhere but in the 
upper central quarter of the core, where the void concentration was the 
highest. 





In the design C of the core embodying these improvements, there 
is a more uniform fluid flow distribution, radially, as well as greater plu-
tonium formation, than in design B. The calculated maximum-to-average 
power ratio in design C was 2.1, which is nearly half of that of design A, 
and three-fourths of that of design B. 

Details of core designs A, B, and C, nuclear constants, and burnup 
charac ter i s t ics are given in this report . 

II. INITIAL STUDY OF CORE DESIGNS 

From nuclear considerations for an efficient core, the ratio of 
H2O/UO2 should be small in order to obtain a high conversion ratio and a 
long core life. 

Some prel iminary calculations were made to determine the enrich
ments required for cold clean cores , with varying H2O/UO2 ratios (see 
Figure 1 and Table I). It will be noted from these data that the enrich
ments for criticality of these core designs with H2O/UO2 values varying 
from 1.276 to 2.775 do not vary greatly. Fur thermore , if consideration be 
given to fuel required for burnup (~10,000 Mwd/tonne), one will find that 
the cores with tighter lattice require lower initial enrichments by virtue 
of their high ICR, or ability to produce plutonium. The ICR value of the 
core with H2O/UO2 = 1.632 will be greater than that for the core with 
H2O/UO2 = 2.775 by a factor greater than 1.27, allowing for excess en
richment required for burnup of fuel in these cores. 

1.8 2 .0 2 . 2 2.U 

H„0/UO, VOLUME RATIO 

Fig. 1. Critical Enrichment vs H2O/UO2 Volume Ratio for 
Cold, Clean Core (EBWR Alternative Core Design) 

III. D E T A I L E D STUDY O F CORE DESIGNS 

A. C o r e D e s i g n A 

The c o r e with H2O/UO2 = 1.632 (des ign A) was s tud ied in g r e a t e r de t a i l 
to d e t e r m i n e the a d v a n t a g e s and l i m i t a t i o n s of th i s d e s i g n with a t i g h t l a t t i c e . 
V o l u m e f r a c t i o n s and n u c l e a r c o n s t a n t s of des ign A a r e given in T a b l e s II and III. 





Table I 

EBWR AlIERNATIVE CORE DESIGN STUDIES: U02 FUEL MATERIAL 

Core Diameter . 147.4 cm Core Height = 152,4 cm (5 ft) 

Cold Clean Crit ical Core Constants 

[A = ( l * L V ) ( l t T B 2 ) = 1,052] 

Pellet EnrictimenI 
Diam kT„ (or Criticality 

H20IU02 (in,I lev) (tn € p €p l i jOcrif v" ™ K^"" 

1.276 0,420 0,028 0 8650 1,0568 0,7727 0,8166 1,2884 1,4894 1,03 0,389 * 0.474 • 0.863 

1.632 0.392 0.028 0.8415 1.047 0.8094 0.8474 1.2412 1.4746 0.99 0.402 + 0.394 • 0.796 
2.023 0.367 0.027 0.8276 1.0411 0.8375 0.8719 1.2065 1.4578 0.92 0.413 * 0.296 • 0.709 

2.775 0.330 0.027 0.8080 1.0333 0.8722 0.9012 1.1673 1.4446 0.92 0.432 • 0.260 • 0.692 

. ,^„^^.^ . A-{l*mU*TB2) ^y^, r^ 38 0^2; B2 . 0.00123cm-2: ,"^'5 . , „ , 

1 2 8 ^ 

" ICR T^ + 7^25 ^ ( 1 - pi g - r B (neglecting contriOution from fast capture in u238) 

Table 11 

EBWR CORE 2 ALTERNATIVE DESIGN STUDIES, DIMENSIONS, AREAS. AND 
VOLUME FRACTIONS OF MATERIALS IN A 12.75-in. x lZ,75-in. CELL 

CONSISTING OF NINE SIMILAR SUBASSEMBLIES 

Designs B and C 

Diameter of Fuel Pins , in. 

Diameter Pel le ts , in. 

Thickness of Zircaloy-2 Clad, in. 

Enrichment,* % 

UO2 Area, sq in. 

Zircaloy-2 Clad Area, in. 

Zircaloy-2 Guides and Spacers Area, in. 

Zircaloy-2 Followers Area, in. 

Helium (between UO2 and Clad) Area, in. 

Volume Fraction 

UO2 

H2O 

H2O/UO2 

Zircaloy-2 

Helium 

Density of UO2 ^ 10.2 gm/cc 

Design A, 
49 Pins 

Per Element 

0.445 

0.392 

0.025 

2.4 

53.223 

14.547 

4.58 

2.50 

0.8177 

0.3274 

0.5345 

1.63 

0.1331 

0.0050 

49 Pins 
Per Element 

0.395 

C.350 

0.020 

42.428 

10.390 

4.58 

2.50 

1.221 

0.2610 

0.6240 

2.39 

0.1075 

0.0075 

36 Pins 
Per Element 

0.395 

0.350 

0.020 

31.171 

7.633 

4.58 

2.50 

0.897 

0.1918 

0.7122 

3.71 

0.0905 

0.0055 

•Enrichment in Designs B and C: 2.4% in lower central quar ter of core 

2.8% in remainder of core 





Table III 

BURNUP CALCULATIONS ON EBWR 5-ft CORE DESIGN A 

(Enrichment = 2.4%; kT^ = 0.047 ev) 

Operating Core 

3« = 655 b 'o« = 1769 b at 

T)" = 2.043 if = 1.6708 rj'' 

£p = 0.7856 

p = 0.740 

(1 + L^B^){1 + TB^) = 1.1132 = A 

1760 b 

2.223 

1300 b 

206 b 

t X 10 ' sec 

Mwd/tonne 

Z« , cm- ' 

S / , cm 

DisF X 2 j : , cm" 

(1) DisF Zg + Z!f, cm- ' 

2 i ' , cm-

2 « , cm-

S*°, cm-

2 l ^ cm-

Zf, cm-

(2) s f ^ ( a f ^ = 50 b), cm- ' 

7]"Z^=, cm- ' 

Tl«Z«, cm- ' 

ri*'Z*', cm- ' 

Z ( T ) Z ^ ) , cm- ' 

(3) Zl ' + Z^' + Z l ' . c m - ' 

(4) 1.035 times values of (3) 

(5) S | ' + Z « + Z « , cm- ' 

2a = (1) + (2)+ (4)+ (5), cm- ' 

(7,f) =ZT,Za/2a 

keff = ( x ) ''̂ ** " °-''°" *'̂ *̂ 

0 

0 

0.119538 

0.0201624 

0.03006 

0 

0 

0 

0 

0 

0 

0.244216 

0 

0 

0.244216 

0.119538 

0.123721 

0 

0.153727 

1.5886 

1.1210 

2 

2660 

0.102835 

0.0201353 

4 

5320 

0.08770 

0.0201082 

O.OOSotJu 

0.0299789 

0.023351 

0.000176 

0.001137 

0 

0.000030 

0.000125 

0.210092 

0.0390148 

0.000391 

0.249498 

0.126362 

0.130784 

0.0012925 

0.162180 

1.5384 

1.0856 

0.0299518 

0.038918 

0.00088 

0.00390 

0 

0.000058 

0.000250 

0.179314 

0.065024 

0.0019562 

0.246294 

0.127568 

0.132032 

0.004208 

0.166442 

1.4798 

1.0443 

8 

10,640 

0.063535 

0.020054 

0.029898 

0.05440 

0.004752 

0.010270 

0.0000927 

0.000104 

0.000500 

0.129802 

0.090891 

0.0105637 

0.231257 

0.122687 

0.126980 

0.0109667 

0.168345 

1.3737 

0.9694 





B u r n u p c a l c u l a t i o n s w e r e m a d e wi th the a id of the Analog C o m p u t e r 

( see Appendix A). I so top i c c o n c e n t r a t i o n s of fuel e l e m e n t s a r e g iven in 

F i g u r e s 2 and 3 . 

- ' 1 ' 1 ' 1 ' ' ' ' 
li 

-

— 

" 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ~ 

Fig. 2. Isotopic Concentration of 0^35 and 0^38 vs Burnup for EBWR Alternative Core Design A. 
Initial Enrichment = 2. 4%. Average Thermal Neutron Flux = 1.18 x lO-̂ ^ n/cm^-sec. 

Fig. 3. Isotopic Concentrations (Ni) of u236^ p^239^ Pu^W^ pu241^ Pu242^ and of Fission 
Product (N'^'') vs Burnup for EBWR Alternative Core Design A. Initial Enrichment = 2. i%. 
Average Thermal Neutron Flux = 1.18 x 10l3 n/cnfi-sec. cr^*^ - 1300 b. 





Reactivity calculations are given in Table III, and kgff vs Mwd/tonne ex
posures are shown in Figure 4. These burnup calculations referred to a 
core with a uniform void distribution (20%) and with no allowance for var ia
tion in neutron flux distribution in the core. It was assumed that the excess 
reactivity in the core required for burnup allowance would be controlled by 
a burnable poison. 

10 

Fig. 4 

keff vs Burnup for EBWR Alternative Core Design A. 
H2O/UO2 Volume Ratio = 1. 63. Initial Enrich
ment = 2. Ale 

BURHUP, 10 HMd/tonne 

Power distribution character is t ics of this core were obtained from 
PDQ-2, two-dimensional code calculations corresponding to the estimated 
core void distribution shown in Figure 5. These character is t ics are shown 
in Figures 6 and 7. 

ESTIMATED iVEHAGE VOID = 22* 

CALCULATED AVERAQE VOID = 26.6* 

(CALCULATED VALUES EHCLOSEO IN 

PARENTHESES) 

ALL DIMENSIONS IN CENTIMETERS 

16% 
( 5 2 0 

oT" 
(!l») 

»3» 
(8!») 

I7« 

(2»«1 

— o T -
(2.6S) 

57.2 

Fig. 5. Estimated and Calculated Percentage Void Distribution in EBWR 
Alternative Coil Design A. H2O/UO2 Volume Ratio = 1. 63. 

It i s s e e n f r o m F i g u r e s 6 and 7 tha t the d e s i g n A of the c o r e h a s a 
poor power d i s t r i b u t i o n c h a r a c t e r i s t i c , with a m a x i m u m - t o - a v e r a g e r a t i o 
of 4 . 1 . It i s s e e n f r o m F i g u r e 6 tha t l i t t l e t h e r m a l power is ob ta ined f r o m 
the u p p e r half of t h i s c o r e . 

H y d r o d y n a m i c c a l c u l a t i o n s w e r e t h e n m a d e in o r d e r to check the 
a c c u r a c y of the a s s u m e d void d i s t r i b u t i o n shown in F i g u r e 5. T h e s e 
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c a l c u l a t i o n s i n d i c a t e d tha t t he a s s u m e d void d i s t r i b u t i o n had b e e n s o m e 
wha t o p t i m i s t i c , and tha t it would not be p o s s i b l e to obta in 100 Mw f r o m 
d e s i g n A of the c o r e . 

_' M 1 M M 
CORE i CORE B CORE C 

( P / P ) = 2 . 4 7 5 1 . 8 6 1 1.6113 
— max 8vg amal 

(P /P ) , = 4.06 2.7B 2.10 
max avg reactor 

- f 
^ U R 

P E 
P F 

— E L 
R E 

T 
0 
R 

— 
1 

CORE C — , jT / 

/ / 
/ ^ * - CORE S / 

//y 

1 1 1 1 

/ ; ^ \ 

/ / \ \ 

i \ 
/ ^CORE * V 

1 1 1 1 1 1 1 

1 

L R 
0 E 
W F 
E L — 
R E 

T 
0 
R — 

80 100 140 160 180 

Fig-

DISTANCE FROM TOP OF CORE, cm 

6. Calculated Axial Power Distribution in EBWR Alternative 
Core Designs A, B, and C 

1 

— 
-

— 

I_ 
~ 

_ 

— 

1 1 1 1 1 1 1 1 

.— CORE B ^ C O R E C 

7-\ ^ \ 
CORE k —/ v^ \ N \ 

^ \ \ 
CORE * CORE B CORE C \ 

P /P ) , . = 1.4321 1.273 1.148 ^ V . 
max avg'radial \ 

\ P /p ) = 4.96 2.78 2.10 \ 
max avg reactor , 

1 1 1 1 1 1 

RADIAL 

REFLECTOR 

1 1 

1 

— 

— 

-

r 
20 30 40 50 60 7 0 

CORE RADIUS, cm 

Fig- 7. Calculated Radial Power Distribution in EBWR Alternative 
Core Designs A, B, and C 
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The above unsatisfactory character is t ics were due to the great r e 
duction of water content in the upper half of the core with this tight lattice 
(H2O/UO2 = 1.63). To improve the axial neutron flux, or power, distribution 
in the core, it was necessary to open the lattice design in the upper half of 
the core. 

B. Core Design B 

In the second design of the core B, the size of the fuel pellets was 
reduced from 0.996 cm (0.392 in.) to 0.89 cm (0.35 in.), and the number of 
fuel pins per element in the upper half of the core was reduced from 7 x 7 
to 6 X 6. This resulted in H^o/uOj volume ratios of 3.71 and 2.39 in the 
upper and lower halves of the core, respectively. The power distribution 
charac ter i s t ics of this core are shown in Figures 6 and 7, and indicate a 
reduction in maximum-to-aver age ratio from 4.1 for design A to about 2.8. 
The calculated void distribution is given in Figure 8. 

CORE COMPOSITION 

UPPER HALF; 36 FUEL P I N S / 

ELEMENT, 2 . 8 $ 

ENRICHMENT. 

LOWER HALF: 48 FUEL P I H S / 

ELEMENT. 

CENTRAL LOWER aUARTER OF CORE 

CONTAINS; 2.H ENRICHED 

FUEL. 

BALANCE OF CORE CONTAINS: 

2.B1, ENRICHED 

FUEL. 

CALCULATED AVERAGE VOID = 1 7 . 2 « 

— 73.7 

52.1 1 

47S 

41S 

36S 

20% 

35 

15* 

5i 

2* 

1* 

0 

5S 

0 

0 

0 

0 

t 
3 B . I 

i 1 
38.1 

1 1 
26.1 

1 1 
26.1 

1 \ 
24 

15 . 4 

Fig. 8. Calculated Percentage Void Distribution in EBWR 
Alternative Core Design B. 

It fol lowed f r o m t h e s e r e s u l t s tha t an i m p r o v e m e n t in c o r e des ign , 
both n u c l e a r - w i s e and h y d r o d y n a m i c - w i s e , could be ob ta ined by a c l o s e r 
pack ing of the c o r e e v e r y w h e r e but at the u p p e r c e n t r a l q u a r t e r of the c o r e , 
w h e r e the void c o n c e n t r a t i o n was the h i g h e s t . 

C. C o r e Des ign C 

C o r e d e s i g n C h a s 7 x 7 p ins p e r fuel e l e m e n t e v e r y w h e r e in the 
c o r e excep t at the c e n t r a l u p p e r q u a r t e r , w h e r e 6 x 6 p ins pe r e l e m e n t a r e 
u s e d . The void and power d i s t r i b u t i o n c h a r a c t e r i s t i c s of t h i s c o r e a r e 
shown in F i g u r e s 5, 6, and 9. The void d i s t r i b u t i o n w a s ob ta ined a g a i n by 
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p h y s i c s - h y d r o d y n a m i c s i t e r a t i o n s . As i nd i ca t ed in F i g u r e 9, two e n r i c h 
m e n t s , Z.4% and 2.8%, w e r e u s e d in the in i t i a l c o r e . The l o w e r enr ichnnent 
u s e d in the l o w e r q u a r t e r c o r e was for ob ta in ing f l a t t e r power c h a r a c t e r 
i s t i c s . Use of a u n i f o r m in i t i a l e n r i c h m e n t of Z.8% th roughou t the c o r e 
would i n c r e a s e s o m e w h a t the m a x i m u m - t o - a v e r a g e power r a t i o f r o m i t s 
va lue of 2 . 1 ; t h e r e should , h o w e v e r , be a l so an i n c r e a s e in the a v e r a g e c o r e 
life of the f i r s t c o r e . With b u r n u p , the power c h a r a c t e r i s t i c s should a p 
p r o a c h tha t of F i g u r e s 6 and 7. 

CORE COHPOSITIOH 

UNLESS OTHERWISE INDICATED, 

FUEL ELEMENTS CONTAIN 49 FUEL 

PINS PER ELEMENT AND 2.8% 

ENRICHMENT. 

CALCULATED AVERAGE VOID IN 

REACTOR = I9.2S 

ALL OIHENSIONS I 

36 FUEL PIHS/ELEMEHT 

3 U 

36 FUEL PINS/ELEHEHT 

2A% EHRICHHEHT 

12* 

2.4* ENRICHMENT 

4* 

2.4* ENRICHMENT 

Fig. 9. Calculated Void Distribution in EBWR Alternative 
Core Design C 

B u r n u p c h a r a c t e r i s t i c s ( see F i g u r e 10) of t h i s c o r e ( F i g u r e 9) w e r e 
ob ta ined by T U R B o ( ^ ) code c a l c u l a t i o n s . I so top ic c o n c e n t r a t i o n s of the 
in i t i a l c o r e a r e given in Tab le TV. As a l r e a d y s t a t e d , in i t i a l s h i m c o n t r o l 
of the r e a c t o r w a s ob t a ined by m e a n s of a u n i f o r m l y d i s t r i b u t e d po i son 
(such a s B ' ° - s t e e l r o d s ) in the c o r e . Subsequen t c o n t r o l w a s a c h i e v e d by 
an add i t i ona l po i son , wi th m a c r o s c o p i c c r o s s s e c t i o n S^, which w a s v a r i e d 
in the c o r e , a s i n d i c a t e d in T a b l e V. The va lue of 2 ^ m a y be c o n s i d e r e d to 
be the equ iva len t of a u n i f o r m po i son , such as H3BO3, d i s s o l v e d in r e a c t o r 
w a t e r , a l l o w a n c e be ing m a d e for i t s ef fects on r e f l e c t o r s a v i n g s . It m a y 
be s e e n f r o m F i g u r e 10 tha t the c o r e wi th an equ iva len t a v e r a g e e n r i c h 
m e n t of 2.7% would r e m a i n in o p e r a t i o n for about 7500 M w d / t o n n e wi thout 
r e shuf f l ing of fuel in the c o r e . 
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I.OU 

1.03 

1.02 

I.Ot 

I.CO 

1 

"4 

-

1 

1 

• ^ 

1 

^ 

l' 

1 1 1 1 1 1 1 

r— FOR a (Pu"") : no barns [OBTAINED BY SOFOCATE CODE) 

O ^ \ < '̂  u 
V 2»o "̂  N . 
^̂  FOR (J (Pu ) = 900 btrfli N \ 

' N \ 
PER CfiOWTHER AND WEIL N \ 

S \ 

N 

= 0 (ADJUSTABLE POISON IN THE CORE) ^ 

s 
s 

1 1 1 1 1 1 ' ^ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 H 

1 

— 

— 

— 

1 

BURHUP. 10 MMd/tonn. 

Fig. 10. Burnup Characteristics of EBWR Alternative Core Design C Calculated by 
TURBO Code. Thermal Cross Sections Obtained by SOFOCATE Code. 

BURNUP IN AN EBWR 5-ft CORE DESIGN C, 
TURBO Z-GROUP CALCULATIONS 

Isotopic concentrations initially and after 7500 Mwd/torme exposure 
(in units of lO'") 

Initially After 7500-Mwd/tonne exposur 

C o m p o 
s i t i o n 

2 

3 
4 

5 

6 
7 

8 

9 
10 

11 
12 

13 
14 

15 
16 

N " 
X lO* 

1.260 
1.720 

1.720 
1.260 
1.720 

1.720 

1.480 
1.720 
1.720 

1.480 
1.720 
1.720 
1.480 
1.720 
1.720 

N « 

X 1 0 ' 

0 . 4 3 9 1 
0 .5976 
0 . 5 9 7 6 

0 .4391 
0 .5976 

0 .5976 
0 .6000 
0 .5976 

0 .5976 
0 .6000 

0 . 5 9 7 6 
0 . 5 9 7 6 
0 .6000 
0 ,5976 
0 .5976 

N " 
X 10" 

0 .9403 
1.436 
1.450 

0 .7499 
1.231 
1,251 

0 .9197 
1.1 5'6 

1.201 

0 .8779 
1.144 
1.241 
0 ,9774 

1,310 
1,405 

N " 
X 10^ 

0 ,5535 
0 .4972 

0 .4551 

0 ,8851 
0 , 8 5 5 1 

0 . 7 9 1 1 
0 .9890 
0 ,9777 
0 .8742 

1,040 

0 .9860 
0 ,8053 

0 .8493 
0 .6953 

0 .5629 

N'» 

X 1 0 ' 

0 .4369 
0 ,5956 

0 ,5961 
0 ,4351 

0 .5938 
0 ,5948 
0 ,5944 

0 ,5932 

0 .5945 
0 .5944 

0 ,5935 

0 ,5949 
0 ,5963 
0 .5951 
0 .5960 

N * ' 

X 10* 

0 ,1310 
0 ,1435 

0 .1048 
0 ,1910 

0 .2292 
0 .1661 
0 .2942 

0 ,2439 
0 .1745 
0 ,2734 
0 ,2234 

0 .1608 
0 ,1975 

0 .1573 
0 ,1102 

N « 

X 10^ 

0 ,1936 
0 ,1341 

0 .09947 

0 . 4 3 6 1 
0 .3522 

0 ,2598 
0 ,5933 
0 ,4403 

0 ,3047 
0 ,6214 
0 .4250 

0 ,2609 
0 ,3970 

0 .2198 
0 ,1203 

N"' 

X l O ' 

0 ,4301 

0 .1837 
0 .1398 

1.498 
0 ,7775 
0 ,5824 

1.773 

1,149 
0 .7635 
2 ,123 

1,178 

0 ,6048 
1,197 
0 ,4466 
0 .1877 

j . j F i s s P r o d 

X 10* 

0 .3268 

0.2801 
0.2561 
0.5671 
0.5140 
0,4682 
0.6531 
0.6036 
0.5240 
0.7002 
0.6095 
0,4773 
0.5413 
0.4077 
0.2991 

Notes; Compositions Z and 5 contain elements with 36 pins; all others contain 
49 pins per element; compositions 8, 11, and 14 have fuel with 2.4% en
richments; all others have fuel with 2.8% enrichment. 
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Table V 

R E S U L T S O F TURBO CALCULATIONS FOR BURNUP IN CORE OF DESIGN C 

P r o b l e m 
S e r i e s * 

1 0 0 

2 0 0 

1 0 0 

2 0 0 

1 0 0 

2 0 0 

1 0 0 

2 0 0 

1 0 0 

2 0 0 

100 

2 0 0 

1 0 0 

2 0 0 

1 0 0 

2 0 0 

1 0 0 

2 0 0 

1 0 0 

2 0 0 

1 0 0 

2 0 0 

100 

T i m e 
Step 

1 

1 

2 

2 

3 

3 

4 

4 

5 

5 

6 
6 

7 

7 

8 

8 

9 
9 

10 

10 

11 

11 

12 

Mwd/ tonne 

3 1 4 

3 1 4 

5 7 5 

5 7 5 

1120 
1120 

1665 
1665 

2205 
2205 

2750 
2750 

3625 
3625 

4535 
4535 

5440 
5440 

6350 
6350 

7250 
7250 

8150 

SP, c m - ' 

0 

0 

0,0025 
0,0015 

0.0015 
0.0010 

0.0012 
0.0012 

0.0013 
0.0015 

0,0015 
0.0015 

0.0018 
0.0018 

0.0020 
0.0020 

0.0020 
0.0020 

0.0020 
0.0010 

0.0020 
0 

0.0015 

keff 

1.0400 
1.0400 

0.9853 
0.9968 

0.9986 
1.0040 

1.0065 
1.0071 

1.0117 
1.0067 

1.0128 
1.0077 

1.0107 
1.0035 

1.0081 
1.0191 

1.0052 
0.9896 

1.0381 
0.9964 

0.9924 
1.0027 

0.9965 

kgff with 
Za = 0 

1.0400 
1.0400 

1.0210 
1.0182 

1.0200 
1.0182 

1.0236 
1.0242 

1.0310 
1.0280 

1.0342 
1.0290 

1.0364 
1.0292 

1.0366 
1.0476 

1.0337 
1.0182 

1.0178 

1.0210 
1.0027 

1.0179 

„ F P K a^ , b 

65 

65 

65 

6 5 

65 

65 

65 

65 

6 5 

6 5 

65 

65 

65 

65 

65 

40 

65 

40 

4 0 

40 

40 

40 

4 0 

*For Series 100 Problems, aa(Pu^") -110 b obtained by SOFOCATE; 
for Series 200, aa(Pu^*°) = 900 b, Sg = adjustable poison in core 
used to retain near criticality. 

Notes: In Series 100 Problems, for Step 10, all self-shielding factors of fuel 
and B ' ° rods were brought up to date; for Steps 11 and 12, changes 
were made in self-shielding factors. 

In Series 200 Problems, changes were made in self-shielding factors 
of B ' ° at Steps 8, 9, 10, and 11. 

An ob jec t ionab le f e a t u r e of c o r e d e s i g n s B o r C is an u n a v o i d a b l e 
w a t e r gap b e t w e e n the u p p e r and l o w e r s e c t i o n s of t he c o r e wi th d i f fe ren t 
l a t t i c e s . T h i s could r e s u l t in flux peak ing and ob jec t ionab le hot s p o t s , 
u n l e s s the gap w a s p a r t i a l l y f i l led wi th an a b s o r b i n g m a t e r i a l . DSN c a l 
c u l a t i o n s w e r e m a d e to d e t e r m i n e such flux peak ing at the fuel of the l o w e r 
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edge of gap for the three cases shown in Table VI. It is seen from the data 
of this table that such peaking flux may be suppressed with adequate poison
ing of the gap section of the core. 

Table VI 

THERMAL FLUX PEAKING DUE TO GAP BETWEEN SECTIONS OF CORE 

(Gap = l i i n . ) 

Mater ia l (%) in Gap Region 

(1) H2O (Zero Void) 

(2) 0,597 H2O + 0,315 Zr -2 + 0,088 He (45% void) 

(3) 0,597 H^O + 0.134 Z r - 2 + 0,181 SS + 0.088 He (45% void) 

Flux at Lower Edge of Gap 
Flux at Axial Peak 

1,56 

1,13 

0,92 

An objection to the configuration of design C may be that not all of 
its fuel elements are interchangeable, in a scheme of reshuffling of fuel, 
for maximum fuel exposure. This difficulty is not, however, real , since 
the initial average rate of exposure of fuel elements with 6 x 6 pins per 
element is considerably lower (about 40%) than that directly below it. These 
fuel elements with 6 x 6 pins per box, may, therefore, be retained in posi
tion except for r eve r sa l s , during their lifetime in the core. A programming 
scheme shown in Figure 11 i l lustrates this point. 

T( . i09 ) 

a 

B{.2e7) 

T(.303) 

d 

B(.296) 

/ 

T(.0«U) 

b 

e ( . i i i ) 

T { .m9) 

e 

B{ .M9) 

M 

T(.035) 

c 

e[.oee) 

T(.115} 

f 

B ( . 0 8 I ) 

B 

T 

B 

T 

T 

d 

B 

T 

b 

B 

B 

f 

T 

T 

e 

T 

B 

T 

f 

B 

B 

T 

T 

B 

B 

b 

T 

B 

d 

T 

NUHBERS IN PiREHTHESES IH PROGRAM (a) 

ARE THE INITIAL FUEL BURNUP RATES OBTAINED 

BY PDIJ-2 CALCULATIONS. 

Fig. 11. Possible Programming of Fuel in EBWR Core II, Design C 

IV. CONCLUDING REMARKS 

It has been shown in the present study that requirements of a 
satisfactory power distribution, coupled with hydrodynamic considerations 
in the core , limit the use of tight latt ices in the EBWR. 

It was indicated that a reduction in maximum-to-average power 
ratio of the core from 4.1 to 2.1 could be achieved by increasing the volume 
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r a t i o of H2O to UO2 f r o m 1.63 to about 2.72 in a t w o - l a t t i c e s y s t e m , with 
an i n i t i a l a v e r a g e e n r i c h m e n t of 2.7% a s c o m p a r e d wi th 2.4% for the f i r s t 
d e s i g n . With t h e s e e n r i c h m e n t s , the two c o r e s w e r e capab le of a v e r a g e 
b u r n u p s of about 8000 M w d / t o n n e . 

In bo i l ing r e a c t o r s wi th a long " r i s e r " and a d e q u a t e l a t t i c e d e s i g n s , 
s m a l l e r H2O/UO2 r a t i o s than would be t o l e r a b l e in the EBWR could be u s e d . 
T h e r e i s , h o w e v e r , a l i m i t to t h i s t igh ten ing of the l a t t i c e f r o m c o n s i d e r a 
t i ons of s t a b i l i t y in the r e a c t o r . T h e s e c o n s i d e r a t i o n s a r e a g a i n s t obta in ing 
a c o r e wi th a h igh c o n v e r s i o n r a t i o , and hence of long c o r e l ife, u n l e s s a 
h igh i n i t i a l e n r i c h m e n t be u s e d . High e n r i c h m e n t m e a n s poor n e u t r o n e c o n 
omy a s s o c i a t e d wi th the c o n t r o l p r o b l e m s . 

With the u s e of UO2, wi th i t s ab i l i ty to s u s t a i n long i r r a d i a t i o n 
e x p o s u r e s , a s p r a c t i c a l fuel m a t e r i a l in boi l ing r e a c t o r s , it i s v e r y d e s i r 
able to have c o r e s wi th long b u r n u p c a p a c i t i e s . Use of t ight l a t t i c e s , wh ich 
would y ie ld long c o r e l i v e s , i s l i m i t e d in boi l ing r e a c t o r s , as ind ica ted in 
th i s r e p o r t . 

(A c o r e wi th a n o n u n i f o r m l y d i s t r i b u t e d fuel, which would have m o r e 
u n i f o r m r e a c t i v i t i e s to c o n t r o l over i t s l i f e t ime than the u s u a l d e s i g n s , m a y 
give a l o n g e r c o r e life wi th h igh n e u t r o n economy. ) 

If the in i t i a l r a t e of b u r n u p w e r e s u s t a i n e d , the p r o g r a m m i n g of 
F i g u r e 11 would r e s u l t , a f ter e x p o s u r e s (l) + (2) + (3), in a u n i f o r m a v e r 
age b u r n u p , wi th in ~ t 8 % , in al l s e c t i o n s of the c o r e s . 

The top and bo t tom of s e c t i o n s b, c, d, and top of e of (l) wi l l a l l 
have a u n i f o r m b u r n u p wi thin i 5% af te r e x p o s u r e s (l) + (2) + (3). 

The h i g h e s t b u r n u p wi l l be at a 3 and a x . and the l o w e s t a t e g , l'^, 
and f g . After e x p o s u r e s (l) + (2) + (3), b u r n u p s at a s and a j wi l l be 
g r e a t e r than the a v e r a g e by f a c t o r s of 1.4 and 1.09, a s s u m i n g in i t i a l r a t e s 
of b u r n u p . Ac tua l ly , a l lowing for s o m e f la t t en ing with b u r n u p , t h e s e f a c t o r s 
should be r e d u c e d . 

V. M E T H O D O F CALCULATION 

T w o - g r o u p t h e o r y was u s e d to c a l c u l a t e r e a c t i v i t y and power d i s 
t r i b u t i o n s . The equa t i ons a r e : 

- Di V ^ 0 , + ( 2 a i + 2s i^ + 2 ^ 3 ^ ) * ! = ^ ^ ^ f 2 

D2 V2 02 + 2 a 2 « 2 = 2 ; s i j0 i 
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where D is the diffusion coefficient, 2 gj^ the slowing-down or removal 

c ross section, Sj/gg = (N^^ Res. Int.)/(Au = lethargy interval for r e so 

nance neutrons), Sf = Sgij is the resonance absorption cross section 

in Û "**; p, e, and v have their usual meaning, and Zg, is the equivalent 
thermal c ross section and includes epithermal absorption, as defined by 
Westcott,(3) (i.e., Z^^ = 0, when Westcott 's c ross section is used). 

In the study of burnup in design C by the TURBO code, 2a2 was the 
thermal c ross section obtained by the SOFOCATE('i) code. In this burnup 
study, two ser ies of problems were run; in the first se r ies , 100, the value 
of aU^*" ^ 110 b, obtained by the SOFOCATE code, was used. In the second 
se r i e s , 200, the value of 0^^^° —900 b was used to allow for the large 
resonance-capture line at 1 ev in Pu^*", in accordance with the work of 
Crowther and Weil.(5) The built-in l ibrary of fast c ross sections Sa in 
the TURBO code does not include the plutonium ser ies . 

A. Neutron Temperature 

The tempera ture of the neutron moderator for use in Westcott 's 
c ross - sec t ion data was obtained from Brown's formula(°): 

kT„ = kT m o d 
^aC^Tn-iod) 

1 + A = 

B. Disadvantage Factor DisF 

Thermal disadvantage factors were evaluated by P3 spherical har
monic approximations. 

C. Fas t F iss ion Factor £ 

The fast fission factor e was obtained from the formula^ / 

[ / ' - (1 + a^^)]XZf 
e - 1 

2c + 2in + 2 f - v'^XZ'' 

where all the c ross sections are the values above the threshold, and X is 
the fraction of the fission spectrum above the threshold. Also, 

1̂8 = zf/zY"' 

D. Neutron Age r and Fas t Diffusion Constant Dj 

T and Di were calculated by means of Deutsch's equivalence 
fac tors.(8) 
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E. Resonance Escape Probability p 

In calculating p, Hel ls t rand 's experimental value(°) for the r e so 
nance integral of UO2 was used, with Dancoff's self shielding correct ions . 

F. Void Dependence on Power 

Void distributions were determined by physics-hydrodynamics-
physics i terat ions. 
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APPENDIX 

The differential equations used to obtain the isotopic concentrations 
of fuel mater ia l are ; 

^ = - ( N 5 a ) - : 

d T 
= (N3a)"(Tf^)-(NSj^ 

d N « 
d 

'—- (NSa)^«+ Z ( N a j N ' e ^ ( l - p ) e - ^ B . ( J ,A^ )4 , 

^^ (NS J^» + £(l-p) e-^B^ I (Na J^ T,i - (NS J* ' 
i 

d N ^ ° ,^,A ,49 g^^ ,^,A ,40 

' * ^ ' - ( N a J « - ( N § )^' ; 
d r 

dN« _ „.,A ,41 «^^ - (NSa)" 

d r 

iT ^ a' 1 +0,*: 

[ ( N o j " / ( l +CC") + ( N S a r / ( l +ct«) + ( N & / V ( l + ^ ) ' ' ] / ( l + ^ ) ; 

,(t) =. 
Z^=(t) + Z«(t) + Sji(t) 

where 

0dt = 0t 

Numerics 25, 28, 49, 40, 41 and 42 refer to U " ^ U " ^ P u " ' , Pu"° , 
Pu^*' and Pu^^^, respectively. The index i under summation refers to 
U235_ pu239_ and Pu^^'. 

K = 1.2 X lO'^ 

The isotopic concentrations of the various elements defined by the above 
differential equations have been evaluated by the Analog Electr ic Computer. 
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